Due to the high mass and charge of the heavy ions, centrifugal and electrostatic forces cause a significant variation in their poloidal density. The impact of these forces on the poloidal density profile of tungsten was investigated utilizing the detailed two-dimensional SXR emissivity profiles from the ASDEX Upgrade tokamak. The perturbation in the electrostatic potential generated by magnetic trapping of the non-thermal ions from neutral beam injection was found to be responsible for significant changes in the poloidal distribution of tungsten ions . An excellent match with the results from fast particle modeling was obtained, validating the model for the poloidal fast particle distribution. Additionally, an enhancement of the neoclassical transport due to an outboard side impurity localization was measured in the experiment when analyzing the tungsten flux between sawtooth crashes. A qualitative match with neoclassical modeling was found, demonstrating the possibility of minimizing neoclassical transport by an optimization of the poloidal asymmetry profile of the impurity.
Introduction
High melting temperature, low erosion rate and low retention of tritium make tungsten a promising candidate for the plasma facing components (PFC) in future fusion devices. Today, several fusion experiments investigate tungsten as a wall material such as ASDEX Upgrade (AUG) with a full W wall. Also, JET features W for PFC in the divertor and the Be main chamber wall, resembling the wall-material mix planned for ITER. Nevertheless, if W is transported into the main plasma, strong radiation of the partially stripped W ions can significantly deteriorate the fusion gain [1] . This danger is aggravated by the scaling of the inward neoclassical convection with impurity charge Z and may lead to central impurity accumulation and eventually to a subsequent radiation collapse of the plasma [2] . A deeper understanding and experimental validation of the high-Z impurity transport is, therefore, essential for the prediction of the stability and the performance of fusion reactors.
The large mass m z and the charge Z of W ions make them susceptible to centrifugal and electrostatic forces, resulting in a poloidal variation of their density, i.e. asymmetry δ, quantified as the normalized amplitude of cosine component of the poloidal impurity profile (see equation (11) ). The importance of the inertia in the parallel force balance was noticed already in references [3] [4] [5] and discussed in detail in paper [6] . The centrifugal force (CF), counteracted by a pressure and electrostatic force from other ions, increases the impurity density at the low-field side (LFS) of the magnetic flux surfaces. The electrostatic force is also generated by non-thermal ions with anisotropic pressure. A large fraction of these fast ions are magnetically trapped ions on the LFS which perturbs the poloidal electric potential and pushes the impurities towards the high field side (HFS). This is illustrated by a tomographic reconstruction of the SXR emissivity in neutral beam injection (NBI) only in figure 1a and with additional ion cyclotron range of frequencies (ICRF) heating in figure 1b, clearly demonstrating a LFS and HFS localization of the tungsten radiation.
This effect was first predicted for the fast ions from the NBI in [7] and later for fast ions produced by ICRF heating [8] , which were indirectly observed on Ni impurity in the JET tokamak [9] and recently in the Alcator C-Mod tokamak [10] .
Furthermore, it was already pointed out that the particle transport is not constant on the flux surfaces and thus a poloidal impurity asymmetry in density or sources can significantly affect the impurity flux [3] [4] [5] [11] [12] [13] . The enhancement of the neoclassical impurity fluxes was examined for bulk and impurity species in the banana regime [4, 14] and the Pfirsch-Schlüter (PS) regime [15, 16] . Additionally, the combination of the banana regime for the bulk ions and the PS regime for the impurity ions [17, 18] was investigated. The latter approach is the closest to the conditions of heavy impurities in the core of a AUG plasmas. These models predicted an increase of an order of magnitude of the neoclassical impurity flux for a Mach number M z = ω ϕ R/ 2T z /m z above one, where ω ϕ is the toroidal angular velocity, R the major radius of the tokamak and T z the impurity temperature.
On the other hand, detailed experimental validations are still lacking. Plasma rotation scans performed on TFTR [19, 20] , MAST [21] and JT-60U [22] [23] [24] tokamaks revealed a strong dependence of the core impurity density on the magnitude and direction of the rotation velocity. However, a connection to the poloidal asymmetries has not been discussed. Asymmetries were considered in recent studies of the tungsten transport in hybrid discharges in JET [25] [26] [27] and AUG [27] , where the closest match with the experimental impurity profiles was achieved when the centrifugal effects were included in the modeling by the drift-kinetic code NEO [16, 28, 29] and gyro-kinetic code GKW [30, 31] .
In this work, a brief overview of the parallel transport theory is provided in section 2 and the effect of the poloidal asymmetries on the radial transport is modeled by the NEO code in section 3. The presence of tungsten asymmetries driven by fast NBI ions is demonstrated using a tomographic inversion of soft X-ray (SXR) profiles dominated by W emission and compared with the parallel transport theory (section 4). In section 5, the impact of the centrifugal and electrostatic driven asymmetries on the radial impurity transport are investigated experimentally using sawtooth perturbations acting on the intrinsic W density.
Parallel force balance
Often it is assumed that the partial pressure p α of species α is constant along the magnetic field lines because the parallel transport is fast enough to suppress any deviation. However, in the presence of poloidally directed forces acting upon particles a significant poloidal variation can arise. The poloidal density profile is determined by force balance equations which are derived in the lowest order of the gyroradius expansion for the Maxwellian species [32] :
where u α is mean flow of the species, π α is the viscosity tensor, Φ the electric potential and F α is a sum of all friction forces. In order to treat the parallel transport independently of cross-field transport, the parallel equilibrium must be established promptly with respect to the cross-field equilibration timescale τ ⊥,α , i.e. τ ⊥,α τ ,α . Such an assumption is well fulfilled in the core of AUG where τ ⊥,α /τ ,α ∼ 10 3 and the cross-field transport will act on a stationary, yet still asymmetric, impurity profile. However, at the plasma edge, the thermal velocity of heavy impurity ions like tungsten is low and this assumption is violated. In this case, the parallel and crossfield transport must be treated simultaneously [33, 34] . The viscosity tensor in equation (1) is negligible compared to the other terms and the inertia term is dominated by the toroidal contribution [35] . The projection of equation (1) along the field lines yields the parallel force balance equation
The poloidal asymmetry driven by the friction force F α is relevant only for the plasma edge, where large gradients in ion temperature and density together with high collisionality cause strong ion impurity friction [17] while the magnitude of the friction in the core of tokamak plasma is negligible [36] . The pressure term is dominant for light impurities, suppressing any poloidal variation, while the heavy impurities are in addition affected by the inertial and the electrostatic term. The coupled differential equations (2) under the assumption of the charge quasineutrality α n α Z α = 0 provide enough constraints to determine the poloidal variation of the electric potential Φ(θ) and the density profiles n α (θ) for all plasma species. Integrating the parallel force balance equations, the poloidal variation of density has the form
where the asterisk denotes the value at the outer midplane, i.e. LFS, andΦ ≡ Φ − Φ * represents a perturbation in the electrostatic potential. Inserting the density profile (3) into the quasineutrality relation and expanding the exponential function, results in the following equation for the electrostatic potential
The effective mass m eff can be estimated as m eff ≈ m i Z eff for fully stripped light impurities in deuterium plasma. After substituting (4) back to (3) an approximation of the poloidal variation of heavy impurity density is found
where the subscript z refers to the heavy impurity in the trace limit, while the subscript i corresponds to the bulk ions and e to electrons. The presence of other impurities or an increased mass of bulk ions reduces the heavy ion asymmetry, because their centrifugal asymmetry increases the perturbation in Φ, which counteracts the centrifugal force acting on the heavy ions. However, fast ions produced by various heating sources are far from the thermal equilibrium. The gyroorbits of the fast particles are determined by the constants of motion: energy E = mv 2 /2 + eΦ, magnetic moment µ = mv 2 ⊥ /2B and canonical angular momentum P ϕ = mRv ϕ + qψ, where ψ is poloidal magnetic flux. Using the zero orbit width approximation, i.e. particles do not deviate from flux surface with radial coordinate r, the density profile n f of a species with a distribution function f (r, µ, E) is expressed as
where the magnetic field B(θ) represents the poloidal coordinate and the parallel velocity is v = 2(E − µB).
If the particle distribution fulfills
∂f ∂µ = 0, like a a Maxwellian distribution, the density n f will be independent of the poloidal coordinate. A more convenient form of formula (6) can be derived after a coordinate transformation to the pitch ξ ≡ v /v and energy coordinates
and the LFS value of the pitch ξ is calculated from the conservation laws of E and µ:
Due to the high energy and low charge of the fast ions, the effect of the self-generated perturbation in the potential Φ is negligible. If we expressΦ via the Boltzmann relation, use quasineutrality and insert it back into (3), a final expression for the poloidal profile of heavy ions in the presence of the non-Maxwellian species is found
This approximation provides an excellent match with the direct solution of the parallel force balance [37] , if the heavy impurity is a trace and other species yield small centrifugal asymmetries. The fast particles fraction asymmetry (n f − n * f )/n e produced by ICRF and NBI has a typical value of 10 −2 at AUG, with negligible impact on the bulk ions and low-Z impurities. However, for heavy impurities like tungsten with an average ionization state of about 45 at T e = 5 keV, a clearly observable asymmetry may be present. While the centrifugal force pushes impurities always towards the LFS, the fast particles affect heavy ion asymmetry in either direction depending on their distribution function. Passing fast ions accumulate on the HFS, pushing heavy ions towards the LFS. If the trapped fast ions dominate, the electrostatic force will counteract the centrifugal force and the heavy ions will concentrate at the HFS.
The key element of the accurate asymmetry modeling is the poloidal distribution of the fast particles. In order to include the orbit and centrifugal effects on the fast ions, a code following the guiding-center orbits is necessary. For this purpose, we have applied the NUBEAM code [38] which is part of the TRANSP suite of codes. NUBEAM provides the 4D distribution functions of fast NBI ions on a (ρ, θ, ξ, E) grid, where ρ and θ is radial and angular coordinate. The fast particle density is then obtained by a trivial integration over the ξ, E coordinates. A model for the distribution function of fast ions accelerated by ICRF was proposed in [39] and explicit formulas for the poloidal variation of density and temperature, neglecting the finite orbit effects, were presented in [37, 40] .
The knowledge of the fast particle distribution and the centrifugal force enables the evaluation of the poloidal profile of heavy ions and vice versa, the precise measurement of the poloidal asymmetry allows to infer valuable information about the fast ion distribution [41] .
Influence of poloidal asymmetries on impurity transport
The investigation presented in this paper focuses primarily on the neoclassical transport. The neoclassical flow of heavy impurities in the plasma core is dominated by the PS contribution which reverses its direction between the LFS and the HFS of the plasma due to a change in the sign of the parallel PS current and the parallel ionimpurity friction [18] . Since both, the LFS and the HFS contributions to the PS flow, have similar magnitude, a small imbalance of the impurity density leads to a large change of the radial neoclassical flux. The neoclassical transport was modeled with the NEO code, which is presently the only neoclassical code including asymmetry effects [16] . Moreover, in contrast to the analytical approximations provided in [17, 18] , NEO is valid for arbitrary collisionality and plasma geometry.
In order to analyze separately various contributions to the impurity transport, the neoclassical impurity flux Γ z modeled by NEO was decomposed in the following way:
where the impurity diffusion coefficient D z is defined with respect to the gradient of flux surface average impurity density n z , and peaking factors P n and P T determine the impact of the normalized gradient lengths of ion density R/L ni and temperature R/L Ti on the convective flow. 
Neoclassical tungsten flux from the NEO code decomposed according to formula (10) scanned over a-b poloidal asymmetry and c-d normalized bulk ion collisionality ν * , W collisionality is Z 2 W = 2045 times higher. a) Full line corresponds to D W from NEO at r/a = 0.3 (ε = 0.1), while the dashed line is an analytical model for the PS regime [18] normalized with respect to the D W (δ = 0). b) Peaking factors P T (green) and Pn (red) from NEO compared with analytical model for the PS regime (dashed lines). To avoid a non-physical singularity in the approximation at δ/ε = −2, a classical diffusion was included.
The impact of a poloidal asymmetry on D z , P T and P n was examined by a poloidal asymmetry scan with the NEO code (in figure 2) for tungsten ions in the ionization state Z = 45. In NEO, the impurity asymmetry is directly computed ensuring quasineutrality, thereby a variation of the asymmetry was realized by including an anisotropic fast particle population in the model to push impurity ions towards HFS, and than varying the counteracting centrifugal force via the Mach number. The magnetic equilibrium and the kinetic profiles come from the AUG discharge #30812 at r/a = 0.3 (local inverse aspect ration ε = 0.1), which features a normalized collisionality of bulk ions ν * = 0.03. The diffusion coefficient D W in figure 2a grows almost linearly by an order of magnitude with respect to the minimum at slightly HFS asymmetry for δ/ε ≈ −1. The dashed line corresponds to the approximation in [18] , which agrees with NEO only deep in the Pfirsch-Schlüter regime. This approximation shows a steeper parabolic dependence with a minimum at δ/ε = −2.
The influence of the asymmetry on the stationary neoclassical normalized gradient of W density R/L nz is determined solely by the coefficients P T and P n shown in figure 2b.The P T factor describing a ion temperature screening efficiency is enhanced by 50% at a large positive asymmetry and reduced by factor of two for δ/ε < 1. The most favorable conditions to suppress the neoclassical impurity influx occurs for an asymmetry −1 < δ/ε < 0, where the magnitude of the flux Γ W given by D W is small, while the T i screening is still significant. The analytical approximation, denoted by the dashed line in figure 2 , follows a similar trend as NEO. However, it is slightly shifted down.
At low collisionality ν * , with W ions in the plateau regime, the minimum in D W is close to a poloidally symmetric density. Then both, a positive and a negative asymmetry, increase the magnitude of the neoclassical D W (figure 2c). When the collisionality is increased and thus the impurity collisionality moves deeply into the PS regime, the minimum in D W (figure 2a) shifts towards δ/ε = −2 and the asymmetry dependence follows the approximation depicted in figure 2a. Ion temperature screening is described by P T in figure 2d. At the symmetric case (δ = 0), the P T is doubled when the collisionality of the bulk ions changes from banana (ν * < 0.03) to PS regime (ν * > 1). However, in the presence of a moderate centrifugal asymmetry, the T i screening is reduced. This effect was specifically identified in [26] . Moreover, P T reverses its sign when the impurity collisionality moves into the PS regime. A negative asymmetry (i.e. impurities are localized on HFS) reduces the T i screening even more and the direction of the convection is reversed already for a moderate bulk ion collisionality ν * > 0.06. In such a case, both n i and T i gradients drive an inward impurity convection. These conditions may occur at the pedestal of the AUG plasmas, where a large HFS asymmetry of the light impurities has been observed [42] .
Study of the poloidal asymmetry in NBI heated discharges
The poloidal distribution of the intrinsic tungsten density was measured employing the AUG SXR diagnostic [43] . This diagnostic provides eight pinhole cameras arranged in a poloidal plane of the plasma with a total of 208 lines of sight (LOS). A novel fast tomography code [44] was developed for the inversion of the measured line-integrated brightness, that provides high accuracy and resolution necessary for the investigation of the asymmetries and the impurity transport.
The in-out poloidal asymmetry δ is evaluated from the first cosine Fourier mode of the emissivity ε SXR in the poloidal direction
The magnetic flux surfaces are determined by the kinetics constrained TRANSP equilibrium solver [45] . The accuracy of the magnetic equilibrium and of the SXR cameras alignment is essential for the measurements, because the error ∆ R in their mutual position results in asymmetry error ∆δ
Due to the very steep tungsten SXR radiation profiles, the multiplication factor before ∆ R can reach values up to 20 m −1 . A sufficiently good accuracy is achieved using a self-consistent calibration and alignment of the diagnostic, as is described in [44] .
It was applied to reduce systematical uncertainties in the geometry of the diagnostic, which significantly reduced reconstruction accuracy.
Additionally, the SXR radiation asymmetry δ SXR equals to the tungsten asymmetry δ W only if the contributions of other plasma species to the SXR radiation are negligible. Since the light impurities have a negligible asymmetry a correction must be applied
where ε W is the W radiation and ε SXR is the total SXR radiation of the plasma. The poloidal asymmetries were investigated in the Lmode discharge #32566 with 2.5 MW of NBI heating, a toroidal field of B T = 2.7 T, a plasma current of I p = 1 MA and a safety factor of q 95 = 4.4. The electron density was gradually increasing between 2.5 − 3.5 · 10 19 m −3 , which is 25-30 % of the Greenwald limitn GW . The geometry of the NBI sources at AUG is depicted in figure 3 . The most radial beam Q4 has an inclination of 72°with respect to the magnetic axis, while the most tangential on-axis beam Q3 has an inclination of 58°. Both beams have injection energy 59 keV. Last on-axis beam Q8 with 93 keV injection energy and an inclination angle of 60°has 40% lower torque input then Q3 at the same heating power. The NBI heating starts with the source Q3 (1.5-3 s), followed by the source Q4 (3-4.5 s) and the source Q8 (4.5-6 s). The difference in the beam geometry between Q3 and Q4 causes a reduction of the torque. Therefore, the core deuterium Mach number decreases from M D = 0.32 in the Q3 phase to M D = 0.20 in the Q4 phase. The fast particle distribution is modeled by the NUBEAM code in TRANSP, which calculates the time evolution of the fast particle density, and the perpendicular and parallel pressure. For each phase, the complete particle distribution was extracted and rescaled for each timepoint using flux surface averaged fast particle density. The NUBEAM simulation was done with 2 · 10 5 particle clusters, 40 radial bins and 10 ms time resolution. The redistribution of the fast particles by sawtooth crashes was described by the Kadomtsev model. The fast particle fraction reached up to 30 % in the plasma center at the beginning of the Q3 phase (figure 4a) and it decreased to 12 % during the Q4 and Q8 phase due to the increase in the electron density. The temperature anisotropy (figure 4b) in Q3 phase was almost negligible, while during the phase with the radial beam Q4, the anisotropy increased to T ⊥ /T ≈ 2. Later in the Q8 phase it dropped again to T ⊥ /T ≈ 1.4. As a consistency check, the neutron rate is investigated in figure 4c . It depends mostly on the fast particle density and energy. We have normalized the number of measured neutrons to the TRANSP results in Q3 phase, because the absolute calibration for the neutron spectrometer [46] is unavailable. In the Q4 phase, which was also with a 60 keV NBI source, the calculated neutron rate corresponds to the measured rate, however, in the later phase using Q8, i.e. a 93 keV beam, the rate was over-estimated by 30 % which could imply an over-estimation of the fast particle density modeled by TRANSP. Nevertheless, the most important phases for this study are with beams Q3 and Q4 which mutually agree. The two-dimensional profiles of the fast NBI ion density are obtained by integrating the distribution function over energy and pitch coordinates for each heating phase, as shown in figure 5 . The most significant LFS fast ions localization is driven by the Q4 beam due to the larger fast particle pressure anisotropy. The fast ions asymmetry is weak in case of Q3 and Q8 beams, because the asymmetry from the trapped and passing ions is mostly mutually canceled and only a subtle LFS surplus remains. The temporal evolution of the measured SXR asymmetry at ρ pol = 0.2 is depicted by a green line in figure 6 . In the Q3 phase, the asymmetry grows up to δ SXR ≈ 0.6. After switching to the radial beam Q4, the asymmetry decreases to approximately δ ≈ 0, while large positive jumps occur just after the sawtooth crashes. In the last phase using Q8, the asymmetry increases to δ SXR ≈ 0.2.
The centrifugal model based on the formula (5) and including correction (13) for low-Z ions, explains well the Q3 phase, as is shown by the red time-trace in figure 6 . However, during the Q4 and the Q8 phases the CF model overestimates the experimental asymmetry, indicating the presence of another force affecting the W ions. In order to calculate the temporal evolution of the fast ions driven asymmetry, the 2D profiles of n NBI /n e (figure 5) were rescaled by the flux surface averaged profile of fast ions density which is available for each time point of TRANSP simulation. The combination of the electrostatic force (EF) and the CF asymmetry shown by the blue line in figure 6 was obtained by inserting the n NBI /n e profile to the approximation for electrostatic asymmetry (9) . An excellent match is present in all three heating phases. In the Q4 phase, the asymmetry δ SXR was reduced by 0.3 with respect to the CF model and the temporal evolution of the model even follows the spikes after sawtooth crashes which are caused by a rapid redistribution of the fast ions [47] . In both Q3 and Q8 phases, the asymmetry decreased by 0.15 with respect to the CF model. However, the relative change is twice as lower for Q8 due to the lower torque input and thus a weaker centrifugal asymmetry. In conclusion, the electrostatic force from the fast NBI ions is a fundamental component of the parallel force balance of high-Z impurities in low-density NBI heated discharges in AUG. Moreover, the experimental scenario presented in this section provides optimal conditions to study the effects of such an asymmetry on the radial impurity transport, because only minor changes in the plasma parameters were observed despite the asymmetry change from δ ≈ 0.6 in the Q3 phase to δ ≈ 0 in the Q4 phase.
Asymmetry driven enhancement of the radial impurity transport
Since the tungsten asymmetries are driven by heating sources like NBI or ICRF, large changes in the asymmetry are usually associated with a significant variation of the heating, kinetic profiles, and MHD activity. Therefore, a proper experimental validation of the asymmetry enhanced neoclassical transport is challenging. However, it was demonstrated in the previous section that under optimal conditions a small variation in the inclination of the NBI beam can cause a substantial reduction of the poloidal asymmetry. Moreover, the neoclassical transport has to be investigated in the very core of the plasma, in order to avoid the turbulent contributions to the impurity flux [26] .
For the transport analysis the discharge #32324, similar to the previously analyzed #32566 is selected. The main difference with respect to #32566 is the presence of Q3 and Q4 heating phases only and a smaller variation in the sawtooth frequency. The kinetic profiles in both phases are shown in figure 7 . During the whole discharge, a regular sawtooth activities with an average period of 100 ms in the Q3 phase and a period of 80 ms in the Q4 phase are present. The sawtooth inversion radius is at ρ tor = 0.26 for both phases. The kinetic profiles are determined shortly before the sawtooth crashes and averaged over all sawteeth in the given heating phase. A small drop in the ion and electron temperature (see figure 7a ) is caused by an increase of the electron density in Q4 phase. Ion heating profiles Q i and particle sources are similar in both phases in figure 7c. The electron heating Q e is increased in Q4 phase by 70% with respect to Q3 phase, but it is still significantly lower than Q i in the core and magnitude of the turbulent transport should be therefore small [48] . Moreover, a possible increase of the turbulent transport in Q4 phase is in contradiction with our measurement shown later in this section.
Furthermore, the ion heat transport coefficient calculated from power balance χ PB i and its neoclassical value from NEO χ neo i (figure 7d) are unaffected by the beam switching, indicating a minor change in the anomalous heat transport. The tungsten density (figure 7e) is done from a tomographic inverted SXR emissivity profile via SXR cooling factors [49] . The W profile develops a pronounced peaking in the buildup phase of the sawtooth which flattens after every crash, reducing the core W density by two orders of magnitude. The W profiles before the crash have an identical shape in both phases, however the W density exhibits a 30 % lower value in the Q4 phase. Finally, figure 7f illustrates a dramatic change in the poloidal asymmetry which occurred after the transition between the Q3 and the Q4 phase.
The W transport coefficients, i.e. the diffusion coefficient D and the drift coefficient v/D, are evaluated for each sawtooth cycle by the least-squares (LSQ) optimization method following the approach described in Figure 7 . The profiles of basic plasma quantities in discharge #32324 for the Q3 heated phase (blue) and the Q4 heated phase (red): a) fit of a ion and electron temperature, b) fit of the electron density, c) the ion (full line) and electron (dashed line) heating profile and particle source (dotted line) from TRANSP, d) the ion diffusion coefficient from power balance (full line) and the neoclassical value (dashed line) e) tungsten density before the crash, f) measured poloidal asymmetry profile from SXR. [50, 51] . In order to find D and v/D compatible with the experiment, these coefficients need to be modified until the solution of the transport equation for n W (ρ, t) matches the measurements. The initial condition for the solution is defined by the density profile shortly after the sawtooth crash, while the measured impurity density at ρ tor = 0.3 served as a radial boundary constraint.
Results of the fitting procedure are illustrated for a single crash during the Q3 and the Q4 phases in figure 8 . The initial phase of the sawtooth cycle affected by the crash post-cursor and the final phase distorted by the crash precursor were removed from the analysis (figure 8a-b), because these modes were causing an additional outward impurity flux. Except these regions, an excellent match with the temporal evolution of the W density was found. The diffusion coefficient D in the Q3 phase, determining the magnitude of the neoclassical flux, significantly exceeds the value in the Q4 phase. The drift coefficients v/D are almost equal in both phases. The tungsten density in the Q3 phase was close to saturation, which is indicated by v/D ≈ L The experimentally measured transport coefficient were compared with the NEO model in figure 9 . The comparison was evaluated at ρ tor = 0.12 (ε = 0.04), close to the minimum of v/D coefficient. So close to the plasma center should be turbulent transport negligible. For the NEO modeling, the kinetic profiles just prior to a sawtooth crash and averaged over several sawtooths cycles were used, and the asymmetry was varied in the range δ = −0.15 to 0.4. The neoclassical value of D W increased from 0.04 m 2 /s at zero asymmetry to 0.7 m 2 /s at δ = 0.25. In the Q4 phase (red), the measured D W matches well the neoclassical prediction. However, during the phase with parallel Q3 beam (blue), the NEO modeling overestimates the measurement D by a factor of 2-4, i.e. the timescales of the transport process should be 2-4× faster. Since the impurity density was already equilibrated before the crash, one can expect that the temporal dynamic of the impurity flux was affected by a slower peaking in the background profiles of n i and T i . Given the fact that constant transport coefficients were assumed in the LSQ method, the measured D W must by considered as a lower estimate for the actual neoclassical D neo W . The neoclassical coefficient v/D (figure 8b) exhibits only a limited variation with the W asymmetry. A small enhancement for δ < −0.04 is caused by a drop in T i screening (cf. 2b). This trend was confirmed by the experimental values of v/D, which stay unchanged within the uncertainties. A significant v/D variation should appear in discharges without n i peaking for negative values of the asymmetry, where the T i screening is significantly reduced. Such conditions occur when a LFS ICRF heating is used [10] . We leave confirmation of the neoclassical theory for the case with δ < 0 for future work. 
Conclusion
In the present work, the parallel transport theory of NBI heated discharges at AUG is investigated. A fast plasma rotation driven by a large torque input from NBI, results in a significant centrifugal force, and thus a trapping forcing tungsten ions on the outboard side of the flux surfaces. Additionally, the non-thermal population of the fast NBI ions produces a perturbation in the poloidal electrostatic potential, which in particular affects highly charged tungsten ions. The variation in the poloidal tungsten profile was investigated using high-quality tomographic reconstructions of soft X-ray emissivity, dominated by tungsten radiation. An excellent match with the measured poloidal asymmetry was achieved when the fast particles distribution was modeled by a guiding orbit following Monte Carlo code NUBEAM. The strongest impact of the fast particles was observed for the most radial beam, where the centrifugal asymmetry is canceled by the electrostatic force. The impact of poloidal W asymmetries on the radial W transport is investigated in discharges in which a dramatic change in the poloidal asymmetry associated with the switching between parallel and radial beams, while only minor changes in the kinetic profiles arise. The tungsten transport coefficients were derived by a least square minimization of the difference between the measured W density profile from SXR and the solution of the transport equation.
The measured diffusion coefficient, also determining the magnitude of the neoclassical transport, decreased by a factor of 5, when the poloidal asymmetry was reduced by the switching of NBI beams. While for the weak asymmetry case the diffusion coefficient matches the neoclassical value from NEO, D W in the high asymmetry case is 2-4 times less than NEO prediction, which is enhanced via asymmetry by a factor of 20. The remaining discrepancy could be an effect of the comparable timescale in the variation of the bulk ion profiles and W ions density during a sawtooth cycle, resulting in an underestimated timescale of the W density equilibration. In the case of the low asymmetry and thus longer equilibration time, this effect is negligible. The drift coefficient v/D describing the W density peaking in equilibrium, is almost unaffected by the beam switching. This is in agreement with a neoclassical model, which is predicting only a minor change in the T i screening. Further experiments with additional ICRF heating may be able to probe also the negative asymmetry branch of neoclassical transport, where a substantial reduction in T i screening and increase of D W is expected.
